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Medical University, Tokyo, JapanBackground. We evaluated long-term outcomes of the
arterial switch operation (ASO) conversion after a failed
Senning/Mustard operation among patients with dextro-
transposition of the great arteries.
Methods. Between 1986 and 2006, 9 patients with
dextro-transposition of the great arteries underwent ASO
conversion at our institute. All patients had systemic right
ventricle failure, 6 had supraventricular tachycardia, and
8 had moderate or severe tricuspid valve regurgitation.
All patients had New York Heart Association classiﬁca-
tion II or III. The median age of patients at the ASO
conversion operation was 7.4 years (range, 0.6 to 32.4
years). Pulmonary artery banding for left ventricle
training was performed in 8 of the 9 patients before
conversion.
Results. There was 1 early death from low-output
syndrome at 5 days postoperatively and 1 late sudden
death at 5 months. Median follow-up time was 23.1 years
(range, 0.08 to 28.0 years). The actuarial survival rate wasAccepted for publication March 31, 2016.
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Published by Elsevier76.1% at 20 years. Long-term survivors revealed good
New York Heart Association classiﬁcation (class I, 6
patients; class II, 1 patient), with less than mild tricuspid
regurgitation and brain natriuretic peptide levels of
40.6 ± 16.2 pg/mL. Cardiac catheterization revealed
signiﬁcant improvements of right ventricle end-diastolic
volume (decreased from 243.2% to 117.7% of normal),
and right ventricle ejection fraction (increased from
0.42 to 0.572; p < 0.05). Three patients underwent new
pacemaker implantation for sick sinus syndrome, and
moderate neoaortic valve regurgitation developed in
1 patient.
Conclusions. Excellent long-term outcomes can be
achieved after ASO conversion; however, careful obser-
vation for new-onset sick sinus syndrome and aortic
regurgitation is mandatory.
(Ann Thorac Surg 2016;102:1573–9)
 2016 by The Society of Thoracic Surgeonstrial switch operations for dextro-transposition of theAgreat arteries (d-TGA) using the Senning and
Mustard procedures were introduced in 1958 and 1963,
respectively [1, 2]. These operations were performed for
many patients until the late 1980s, when the surgical
strategy was changed to the arterial switch operation
(ASO), with good results. Late complications after Sen-
ning and Mustard operations include atrial arrhythmia,
systemic right ventricle (RV) failure, and bafﬂe compli-
cations [3–5]. ASO conversion is an epochal procedure for
RV failure patients after the atrial switch operation. Mee
[6] reported the ﬁrst 2 successful ASO conversions after
left ventricle (LV) training in 1986. During the same
period, which was more than 30 years ago, we also per-
formed our ﬁrst ASO conversion for a patient with afailed Senning [7, 8]. The purpose of the present study
was to compare clinical status and ventricular function
before and after ASO conversion and evaluate the long-
term outcomes of this surgical strategy.Patients and Methods
We have performed 160 atrial switch operations for
patients with d-TGA at our institute since 1966, and
9 patients underwent ASO conversion between 1986
and 2006. The initial diagnosis was d-TGA with an
intact ventricular septum for 4 patients, and d-TGA with
a ventricular septal defect for 5 patients (Table 1). Initial
atrial switch operations were performed at the median
age of 14 months (range, 1 to 87 months), where the
Senning procedure was performed in 6 patients and the
Mustard procedure in 3. The indication for conversion for
all patients was systemic RV failure. Pulmonary venous
channel stenosis was recognized in 1 Senning patient
(patient 2), and bafﬂe leakage and LV outﬂow tract ste-
nosis occurred in one Mustard patient (patient 9). Six
patients had supraventricular tachycardia, and 8 patients
showed moderate or severe tricuspid valve regurgitation0003-4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2016.03.114
Abbreviations and Acronyms
I = intact ventricular septum
II = ventricular septal defect
ASO = arterial switch operation
BNP = brain natriuretic peptide
cc-TGA = congenitally corrected transposition
of the great arteries
CTR = cardiothoracic ratio
d-TGA = dextro transposition of the great
arteries
EDV = end-diastolic volume
EF = ejection fraction
LV = left ventricle
LVp/RVp = left ventricular pressure ratio for
right ventricular pressure
NYHA = New York Heart Association
PAB = pulmonary artery banding
PM = pacemaker
RV = right ventricle
SVT = supraventricular tachycardia
TR = tricuspid valve regurgitation
TVP = tricuspid valvoplasty
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T(TR) before ASO conversion (Table 2). With respect to RV
function before ASO conversion, mild RV failure (RV
ejection fraction [RVEF] 0.50 to 0.55) was recognized in 2
patients, moderate RV failure (RVEF 0.40 to 0.50) in 3
patients, and severe RV failure (RVEF <0.40) in 4 patients.
Before ASO conversion, 5 patients had New York Heart
Association (NYHA) classiﬁcation II, and 4 patients had
class III. At the time of ASO conversion, the median age
of patients was 7.4 years (range, 0.6 to 32.4 years),
including 3 patients who were older than 15 years. There
was a tendency toward patients with d-TGA with ven-
tricular septal defect undergoing ASO conversion at an
older age. Some patients underwent additional pro-
cedures concomitantly with ASO conversion: 7 patients
also underwent tricuspid valvuloplasty, and 1 underwent
mitral valve replacement.Table 1. Patient Characteristics
Case
TGA
Type
Initial Operation
(age) Indicationa
1 II Senning (1 y) RV failure
2 I Senning (7 mo) RV failure þ pulmonary venou
3 II Mustard (5 mo) RV failure
4 I Senning (2 y) RV failure
5 I Senning (3 mo) RV failure
6 II Mustard (1 y) RV failure
7 II Senning (7 y) RV failure
8 I Senning (1 mo) RV failure
9 II Mustard (2 y) RV failure þ bafﬂe leakage þ
a Indication of conversion was systemic RV failure in all patients. b Our list
I ¼ intact ventricular septum; II ¼ ventricular septal defect; ASO ¼ a
TGA ¼ transposition of the great arteries; TVP ¼ tricuspid valvuloplasty.All but 1 patient had undergone pulmonary artery
banding (PAB) for LV training before ASO conversion
(Fig 1). PAB was performed through a left thoracotomy
while LV pressure was monitored. The median ratio of LV
pressure to RV pressure (LVp/RVp) before PAB was 0.41
(range, 0.32 to 0.62). Four of 8 patients required additional
PAB, after which the deﬁnitive LVp/RVp increased to 0.93
(range, 0.81 to 1.07). The median interval from initial PAB
to ASO conversion was 2.8 months (range, 0.9 to 8.8
months). In 1 patient, mitral chordae eventually produced
LV outﬂow tract stenosis, resulting in natural LV training;
in this patient, the LVp/RVp was 1.0 without PAB.
Clinical and follow-up data were retrospectively
retrieved from medical records. This study was approved
by the Ethics Committee of Tokyo Women’s Medical
University, and patient consent was waived because of
the retrospective study.
Statistical analyses were performed with JMP Pro 11.2.0
software (SAS Institute Inc, Cary, NC). The data are re-
ported as median (range) or as mean  SD. The survival
rate after ASO conversion was estimated according to the
Kaplan-Meier method. Paired t tests were used for the
comparison of clinical data before and after ASO con-
version. P values of less than 0.05 were considered sta-
tistically signiﬁcant.Results
Operative Deaths
Postoperatively, there was 1 early death and 1 late death.
The median follow-up period was 23.1 years (range, 0.08
to 28.0 years). The actuarial survival rate after ASO con-
version was 76.1% at 10 and 20 years (Fig 2). The early
death occurred in a patient aged 18 years (patient 7) who
died 5 days after ASO conversion of low cardiac output
syndrome. The late death occurred 5 months after con-
version in a child aged 5 years (patient 8) who died sud-
denly at home. The cause of death in this patient might
have been arrhythmia.Age at ASO
(years)b Concomitant Procedure
6.1 TVP
s channel stenosis 0.7 .
8.9 TVP
3.7 TVP
7.4 TVP
17.1 TVP
18.6 TVP
5.1 TVP
LV outﬂow stenosis 32.4 Mitral valve replacement
included 3 patients aged older than 15 years.
rterial switch operation; LV ¼ left ventricle; RV ¼ right ventricle;
Table 2. Clinical Characteristics of Patients Before Arterial
Switch Operation Conversion
Characteristics
Patients (No.) or
Median (range)
(N ¼ 9)
Male 7
Female 2
Age at ASO conversion, y 7.4 (0.6–32.4)
TR
Mild 1
Moderate 3
Severe 5
RV failure
Mild (EF 0.50–0.55) 2
Moderate (EF 0.40–0.50) 3
Severe (EF <0.40) 4
NYHA class
II 5
III 4
SVT 6
ASO ¼ arterial switch operation; EF ¼ ejection fraction; NYHA ¼
New York Heart Association; RV ¼ right ventricle; SVT ¼ sup-
raventricular tachycardia; TR ¼ tricuspid valve regurgitation.
Fig 2. The actuarial survival rate after arterial switch operation
(ASO) conversion was 76.1% at both 10 and 20 years.
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TClinical Status After ASO Conversion
Long-term survivors had good NYHA classiﬁcation
(class I, 6 patients; class II, 1 patient) at the follow-up
period (Fig 3). There was remarkable improvement in
TR; 4 patients had mild TR and the other 4 had trivial TR
postoperatively. Paroxysmal supraventricular tachy-
cardia, which was recognized in 6 patients before ASO
conversion, decreased to 2 patients. Figure 4 shows
follow-up data after ASO conversion. In the long-term,
ASO conversion was associated with a signiﬁcantly
reduced cardiothoracic ratio on chest roentgenograms
(p ¼ 0.03) and improved QRS duration onFig 1. Preparatory pulmonary artery banding (PAB) for left ven-
tricular (LV) training. All but 1 patient (non-PAB) had undergone
PAB for LV training before arterial switch operation (ASO) conver-
sion. PAB was performed through a left thoracotomy while LV
pressure was monitored. Four of 8 patients required the second
additional PAB before ASO conversion. The median LV pressure ratio
for right ventricular pressure (LVp/RVp) improved from 0.41 to 0.93
after ASO conversion.electrocardiograms. In addition, the mean brain natri-
uretic peptide level was 40.6  16.2 pg/mL (Fig 4A).
Cardiac catheterization data were obtained 17.1 years
(range, 0.1 to 22.3 years) after ASO conversion. RV end-
diastolic volumes were signiﬁcantly improved from
243.2  124.6% of normal to 117.7  28.1% of normal
levels, and RVEF increased from 0.420  0.058 to 0.572 
0.051 (p ¼ 0.03). Overall, there were no signiﬁcant
changes in LV end-diastolic volume. LVEF temporarily
worsened after PAB, before improving to 0.572  0.053
after ASO conversion in patients who survived (Fig 4B).
Figure 4C shows the temporary decrease in LVEF after
PAB, including nonsurvivors. LVEF signiﬁcantly
decreased from 0.581  0.126 to 0.444  0.115 (p ¼ 0.01)
after PAB. Two patients (patients 5 and 7) showed
remarkably moderate decreases in LVEF of less than 0.40
after PAB, and both required an additional round of PAB
to undergo ASO conversion. One of these, was patient 7,
the 18-year-old patient who died during the early post-
operative period. In addition, patient 8, who was 5 years
old, in whom LVEF before PAB had already decreased
to 0.35, died during the late postoperative period.
Conversely, long-term survivors have shown no symp-
toms of heart failure thus far. Regarding a new compli-
cation in the long-term period, 3 patients underwent
new permanent pacemaker (PM) implantation for sick
sinus syndrome. In addition, patient 1, who underwent
ASO conversion more than 28 years ago, presently
shows moderate neoaortic valve regurgitation.Comment
The ﬁndings of the current study demonstrated that late
RV failure after the Senning/Mustard operation could be
recovered by ASO conversion and that its long-term
outcome is excellent, particularly among young patients.
In addition, supraventricular arrhythmia, which was
observed after failed atrial switch operation, might be
derived from RV failure and could be reduced by
appropriate ASO conversion.
Fig 3. Clinical status at the last follow-up after arterial switch
operation (ASO). (Upper panels) Long-term survivors revealed good
New York Heart Association (NYHA) class, and (lower panels) the
postoperative tricuspid valve regurgitation (TR) values were
remarkably improved.
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Failure
The median age at the initial atrial switch operation
was 14 months old. ASO conversion patients might be
older than most of the patients receiving atrial switch
operations in most of the institutions in the late 1980s,
and this late treatment may have contributed to RV
failure. However, 5 of 9 patients were younger than 1
year old in the current series, and the youngest patient
was 1 month old. However, we have performed 160
atrial switch operations at our institute, and the median
age at operation was 30 months. There was no statis-
tical signiﬁcance in operative age between ASO con-
version patients and the other nonconversion patients.
We believe that the age at initial operation is not
associated with the future RV failure, although those
patients were suffering from cyanosis for a long time
until deﬁnitive repair.
RV Function and Arrhythmia
Thirty years have passed since the ﬁrst ASO conversion
[6]. Since then, studies have shown excellent long-term
outcome for survivors, without heart transplantation
and mechanical support device implantation [7, 8].
Patients in the present study showed dramatic im-
provements after ASO conversion, with signiﬁcant de-
creases in RV end-diastolic volume and increases inRVEF. By changing the RV from the systemic to the
pulmonic ventricle, afterload to the RV decreased
signiﬁcantly, which resulted in improved RV function
and signiﬁcantly decreased TR, although 7 patients
underwent tricuspid valvuloplasty as the concomitant
procedure.
In addition, supraventricular arrhythmia was signiﬁ-
cantly reduced after ASO conversion, but arrhythmia
operations, such as the maze procedure, were not per-
formed as additional procedures at the time of ASO
conversion. This might imply that the cause of supra-
ventricular arrhythmia is not atrial wall damage with
Senning/Mustard suture line but moderate right atrial
pressure overload by TR and that it could be reversible.
Conversely, a new type of arrhythmia—sick sinus syn-
drome—developed, and 3 patients required permanent
PM implantation. If we performed additional maze pro-
cedures at the time of ASO conversion, the probability of
sick sinus syndrome might increase, and more patients
would require PM implantation. It could be considered
that the preoperative supraventricular tachycardia was
related to the moderate elevation of right atrial pressure
by TR, but not to the suture line of the Senning/Mustard
procedure. This might be consistent with the concept of
extracardiac total cavopulmonary connection conversion
after a failing atriopulmonary connection-type Fontan
procedure. From this point of view, we believe that a
preoperative electrophysiology study should be con-
ducted in all patients.
PAB and LV Function
PAB before ASO conversion is an important procedure.
In our series, only 1 patient (who was 32 years old) did not
require PAB because of natural LV outﬂow tract stenosis
by mitral chordae. The LV outﬂow tract was naturally
banded, and subsequent long-term LV training occurred.
The other 8 patients required PAB before ASO conver-
sion. The degree of PAB is considered difﬁcult. Loose PAB
does not reach ASO conversion, but tight PAB might
result in LV dysfunction. This is very similar to PAB for
the patient with congenitally corrected TGA (cc-TGA),
and the degree of PAB is associated with LV function.
Poirier and colleagues [9] reported that they closely
monitored LV function after PAB for LV training and
performed loose PAB appropriately if LV failure was
observed. In the current study, the LVEF recovered to
preoperative levels after ASO conversion, although tem-
poral deterioration of LV function was observed after
PAB. However, 2 patients died whose LVEF was less than
0.40 before and after PAB. This might imply that 0.40 is
the borderline LVEF level required to reach successful
ASO conversion.
Conversely, age at the time of ASO conversion is
considered important. A previous study showed that the
successful rate of ASO conversion was poor among
adults, and Poirier and colleagues [9] and Benzaquen and
colleagues [10] reported that age older than 12 years was a
risk factor of operative death and LV failure after ASO
conversion. Our experience of PAB for cc-TGA is similar
with these reports. In one study, 13 cc-TGA patients
Fig 4. Follow-up data after arterial switch operation (ASO) conversion (Conv.). (A) Improvements were shown in the cardiothoracic ratio (CTR)
and QRS duration. The mean brain natriuretic peptide (BNP) level was also low after ASO conversion. (B) Changes in cardiac catheterization data
for right ventricular end-diastolic volume (RVEDV), right ventricular ejection fraction (RVEF), left ventricular end diastolic volume (LVEDV), and
left ventricular ejection fraction (LVEF) are shown for survivors after pulmonary artery banding (PAB). (C) A temporary decrease occurred in LVEF
after PAB, including nonsurvivors.
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operation, and all patients who were aged older than 10
years were unable to undergo the double-switch opera-
tion [11]. PAB for LV training might not be suitable for
older patients. In contrast, Benzaquen and colleagues [10]reported a successful ASO conversion in an adult who
underwent staged PAB over 2 years. Considering this
report, staged PAB might be useful.
By developing this concept, we have already reported
the usefulness of the adjustable PAB method, although
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LONG-TERM OUTCOME OF ASO CONVERSION 2016;102:1573–9
C
O
N
G
EN
IT
A
L
H
EA
R
Tthe study was experimental [12]. Afterwards, Corno and
colleagues [13] and Dibardino and colleagues [14] inde-
pendently developed percutaneous adjustable PAB and
applied it clinically. Unfortunately, we could not collect
the status of TR between PAB and ASO conversion from
medical record perfectly, but here, it has been suggested
that changes in the LV dimension by PAB might result in
the improvement of TR [15, 16]. As the high-pressure
chamber, the LV compresses the RV, particularly the
medial leaﬂet of the tricuspid valve, which might
decrease TR. Conversely, a long duration of PAB might
lead to expansion of the neoaortic wall, resulting in the
occurrence of neoaortic valve regurgitation after ASO
conversion.
In the present series, the median interval from initial
PAB to ASO conversion was 2.8 months, and the timing
of ASO conversion after PAB seemed difﬁcult. We per-
formed cardiac catheterization for all patients before
ASO conversion to obtain the LVp/RVp ratio. The
thickness of the LV posterior wall measured by echo-
cardiogram also could be a useful indicator because it is
also used as an indication for ASO in patients who are
diagnosed during the late period. Repeated measures of
this indicator may help to us calculate the optimal
timing for ASO conversion. In addition, magnetic reso-
nance imaging, which is a noninvasive examination tool,
could be valid to evaluate LV function, TR, and LV
posterior wall thickness.
Indication of ASO Conversion and Long-Term Outcomes
ASO during the neonatal period is presently the stan-
dard surgical strategy for TGA without pulmonary ste-
nosis. However, the Senning/Mustard procedure may be
indicated for patients who are not indicated for ASO,
such as those with very low birth weight, late diagnosis,
unimplantable types of coronary artery, or dysplastic
pulmonary valve (neoaortic valve). ASO conversion may
be considered if such patients show RV dysfunction in
the late period, except for those with coronary artery
issues. However, the indication should be carefully
considered because of the high risk of LV failure after
PAB. Similarly, the indication of PAB is approached with
caution for patients with cc-TGA. We should be aware
that takedown of PAB is not same as restoring it to its
former condition.
In the present study, the long-term outcome of ASO
conversion was excellent. On the basis of these ﬁnd-
ings, we believe that ASO conversion should be
considered if late RV failure becomes apparent and
medical treatment becomes ineffective. In the mean-
time, we must also heed new complications after ASO
conversion. Three of 8 survivors underwent new per-
manent PM implantation for sick sinus syndrome, and
1 patient showed moderate neoaortic valve regurgita-
tion at the time of analysis. Careful observation for
these complications is mandatory.Eight of these nine ASO conversions were performed by Pro-
fessor Yasuharu Imai, MD, and one by Professor Toshiharu
Shin’oka at the Nationwide Children’s Hospital in Ohio. In
addition, the authors appreciate the courageous advice provided
by Toshio Nakanishi, MD, from Pediatric Cardiology, Tokyo
Women’s Medical University.
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TDR JAMES JAGGERS (Aurora, CO): In your patients that had
pulmonary banding that had to have repeat banding, what was
your indication to reband? And did I understand correctly
your meantime of band was 2 months? I guess it gets back to
the same old question, which is, do we band tight and leave
on for a short time or do we band loose and come back and
tighten it up for fear of decreasing our left ventricular (LV)
function. I think you have clearly shown, at least in your 2
patients that died, that LV function suffered from the banding
procedure.
DR MAEDA: In our series, all patients were going to a con-
version after the pulmonary artery (PA) banding, and there
was no transplantation case. And we performed cardiac cath-
eter on all patients after the PA band to obtain LV pressure,
and thickness of LV posterior wall measured by echocardio-
gram could be a useful parameter to decide optimal timing of
arterial switch operation (ASO) conversion, but I could not
collect those parameters from the medical records in this
study.
DR BRIAN KOGON (Atlanta, GA): I have two small concerns
with this. First, I agree that your long-term outcomes areexcellent, but your short-term outcomes are not great. There is an
early mortality in 2 out of 9 patients, almost 25%.
Second is a little bit of what was just alluded to, but not so
much in the timing of the banding. When you did your bands,
you had a small group that was only banded to 40% of systemic
pressure and you still proceeded with the operation instead of
going to a second banding operation. I think most of us shoot for
a cutoff closer to 70%.
DRMAEDA: Thank you very much for your question. I think it is
very difﬁcult to decide optimal timing of ASO conversion.
Retrospectively, PA banding could be a choice as an end point of
this strategy for a low LV function patient.
DR PATRICK MYERS (Geneva, Switzerland): Your series spans
a very, very long time. Could you comment on how you have
changed your management during this time, because I am pretty
sure you have varied over time.
DR JAGGERS: Has your approach to these patients changed
over that period of time? Has your approach to these patients
changed over this long duration of this study? That is ﬁne. I think
we can handle that question sort of ofﬂine.
